Polymorphonuclear neutrophils (PMNs) are the first line of defense against invading organisms in humans; in addition, PMNs contribute to the linking of innate and adaptive immunity. To fulfill their biological behavior, PMNs utilize an arsenal of proteolytic enzymes, including members of the matrix metalloproteinase family of zinc-dependent endopeptidases. PMNs express high levels of MT6-MMP (MMP-25), a glycosyl-phosphatidylinositol-anchored MMP, that belongs to the subfamily of membrane-anchored matrix metalloproteinases. Due to the paucity of information on MT6-MMP in primary cells, we set to investigate the localization and potential function of MT6-MMP in human PMNs. We found that MT6-MMP is present in the membrane, granules and nuclear/endoplasmic reticulum/Golgi fractions of PMNs where it is displayed as a disulfide-linked homodimer of 120 kDa. Stimulation of PMNs resulted in secretion of active MT6-MMP into the supernatants. Membrane-bound MT6-MMP, conversely, is located in the lipid rafts of resting PMNs and stimulation does not alter this location. In addition, TIMP-2, a natural inhibitor of MT6-MMP, does not co-localize with it in the lipid rafts. Interestingly, living PMNs do not display MT6-MMP on the cell surface. However, induction of apoptosis induces MT6-MMP relocation on PMNs' cell surface. Our studies suggest that metalloproteinases may play a role in respiratory burst and IL-8 secretion, but not chemotaxis or granulocyte macrophage colony-stimulating factor-induced survival. Collectively, these results provide new insights on the role of MT6-MMP in the physiology of human PMNs.
Introduction
Polymorphonuclear neutrophils (PMNs) are circulating white blood cells that are major mediators of the innate immune system. PMNs are recruited from the circulation to the sites of infection and are the first cells in contact with potential invading pathogens. Upon their recruitment to the site of aggression, PMNs attempt to clear it from invading cells, microbes or debris by phagocytosis. If the site is successfully cleared of dangers, PMNs are removed from the site by apoptosis, a critical process leading to the resolution of inflammation (1, 2) . The failure to appropriately remove PMNs from cleared site of inflammation is potentially detrimental, leading, for example to chronic inflammation (3) . However, PMNs are much more than terminally differentiated phagocytes with an unforgiving appetite (4) . Indeed, activated PMNs release cytokines and chemokines that profoundly influence the development of the subsequent immune response (5) (6) (7) . In addition, PMNs release an impressive array of proteolytic enzymes that are used for PMNs' anti-pathogen functions (8) .
Among the families of proteases produced by PMNs, the matrix metalloproteinase family constitutes a major group. PMNs produce three major metalloproteinases: MMP-9 (gelatinase B) (9); MMP-8 (neutrophil collagenase) (10) and MT6-MMP (MMP-25, leukolysin) (11, 12) . While there is ample information on the expression and function of MMP-9 and MMP-8 in PMNs, there is only limited data on MT6-MMP (11) . MT6-MMP belongs to the subfamily of membraneanchored matrix metalloproteinases, named membrane-type matrix metalloproteinase (MT-MMP), whose members are tethered to cell membranes via a glycosyl-phosphatidylinositol (GPI) anchor (11) (12) (13) . MT6-MMP is produced in a monomeric latent form of ;57-60 kDa, which generates disulfide-bonded homodimers via a cysteine residue present in the stem region (13) . Studies using recombinant MT6-MMP showed that the zymogen homodimer undergoes activation in the trans-Golgi network, likely by cleavage of the pro-peptide domain by a furin-mediated process, which is a common feature of the members of the MT-MMP family. Once activated, the MT6-MMP is displayed on the cell surface in a dimeric form of ;120 kDa (13, 14) . It was previously shown that MT6-MMP is targeted to lipid rafts (13, 15) , specialized membrane domains that have been implicated in signaling events and sorting of membrane proteins. However, MT6-MMP's precise function and substrates in lipid rafts remain unknown. Previous studies demonstrated that MT6-MMP is highly expressed in human PMNs (11) and in HL-60 cells induced to differentiate into PMN-like cells (14) . In PMNs, the majority of MT6-MMP was localized in gelatinase granules while a minor fraction was detected in the cellular membrane (11) . Exposure of human PMNs to phorbol ester [phorbol 12-myristate 13-acetate (PMA)] or IL-1a and IL-8 was found to induce the release of MT6-MMP from the granules into the extracellular space (11) . Since this pioneering study of Kang et al. (11) , there is only very few additional data on MT6-MMP localization and function in PMNs. Matsuda et al. (16) showed that, in PMNs, MT6-MMP can be found complexed with clusterin, and Nie and Pei (17) reported that MT6-MMP inactivated the alpha-1-proteinase inhibitor.
In consequence, the aim of the present study was to further investigate the expression and localization of MT6-MMP and its inhibitor TIMP-2 in primary human PMNs and to gain more detailed insights into its potential physiological functions. The studies presented herein provide novel information on the distribution of MT6-MMP in living and apoptotic PMNs and suggest that MT6-MMP contributes to some of PMN functions, such as respiratory burst and chemokine secretion.
Methods

Antibodies and reagents
Rabbit polyclonal antibodies against the hinge region (ab39034) of human MT6-MMP and against human TIMP-2 (ab53730) were from Abcam (Cambridge, MA, USA). Rabbit anti-flotillin-1 IgG (H-104) (sc-25506), goat anti-MT6-MMP IgG (C-13) (sc-20916), normal rabbit IgG (sc-2027), normal mouse IgG (sc-2025), anti-Annexin V (FL-319) (sc-8300), donkey anti-goat IgG (sc-2020) and rabbit anti-IjB-a (FL) (sc-371) were all from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Mouse anti-human MT6-MMP mAb clone 141811 (MAB11422) was purchased from R&D Systems (Minneapolis, MN, USA). Anti-rabbit IgG coupled to Atto 647N fluorescent dye (40839), Protein A-Agarose (P9269), Protein G-Agarose (P7700) beads and poly-L-lysine solution were from Sigma-Aldrich (St Louis, MO, USA). Rabbit (NA934) or mouse (NA931) IgG (HRP-linked whole antibody) and Ficoll-Paque PLUS (17-1440-03) were from GE Healthcare Bio-sciences (Baie d'Urfé , Quebec, Canada). Triton X-100 and Nonidet P40 were from Roche (Laval, Quebec, Canada). DCFDA (carboxy-H2DCFDA) and cholera toxin coupled to AlexaFluor 488 (CT-488) were from Molecular Probes (Burlington, Ontario, Canada). Anti-human CD16 (555403) and anti-mouse IgG-FITC conjugate (554001) were from BD Biosciences (Mississauga, Ontario, Canada). Endotoxin-free RPMI 1640 media and fetal bovine serum (FBS) were from Wisent (St-Jean-Baptiste, Qué bec, Canada). PMA, diisopropyl fluorophosphates, formyl methionineleucine-phenylalanine (fMLP), phenylmethylsulfonylfluoride (PMSF), pyrrolidine dithiocarbamate and LPS from Escherichia coli 0111:B4 were purchased from Sigma-Aldrich. Recombinant human cytokines were purchased from R&D Systems. All other reagents not mentioned here were purchased from Sigma-Aldrich.
PMN isolation and culture
Human PMNs were isolated from peripheral blood of healthy donors using a protocol approved by our Institutional Ethics Committee. All donors gave their informed written consent. The entire procedure was carried out at room temperature under endotoxin-free conditions using a modification of the method of Boyum et al. (18) . Briefly, 450 ml of blood were collected by venipuncture and spun at 200 3 g for 15 min and plasma was removed carefully and replaced with sterile PBS. Following sedimentation of erythrocytes with 0.5% dextran (final concentration) for 45 min, the cells were centrifuged over Ficoll-Paque cushions (400 3 g for 20 min), and the resulting PBMC ring was carefully collected in new tubes. The remaining erythrocytes in the pellet were removed by a 20-s hypotonic lysis in water. After a wash with PBS, purified PMNs were spun at 210 3 g for 10 min and suspended in RPMI 1640 supplemented with 5% autologous heat-denatured serum from the plasma of the blood donor (RPMI) at a concentration of 5 3 10 6 cells per ml for stimulation, unless otherwise stated. This procedure yields ;0.8 to 1.2 3 10 9 cells containing routinely 0.1% (but not >0.3%) contaminating monocytes or lymphocytes and <6% eosinophils. The purity of the PMN preparation was determined by Wright staining and by flow cytometry analysis of cellular granularity (side scatter). PMN viability exceeds 99% after culture for up to 6 h, as determined by trypan blue exclusion.
Subcellular fractionation of PMNs
To obtain the different cellular fractions of PMNs [membrane, cytoplasm, granules and a fraction containing the nucleus, the endoplasmic reticulum (ER) and the Golgi apparatus], a combination of nitrogen cavitation and centrifugation of the resulting cavitates was used, as already described (19) . Briefly, PMNs (1 3 10 8 ) were disrupted by nitrogen cavitation in resting state or after stimulation with 100 U ml À1 of IL-1a in RPMI. Nuclear fractions were obtained by centrifugation of these cavitates at 2000 3 g for 10 min at 4°C. Since this procedure does not remove contaminating ER or Golgi network, this fraction was named nucleus/ER. To obtain all granule subtypes, cavitates from the previous step were centrifuged at 20 000 3 g for 10 min at 4°C. For membrane preparation [consisting of plasma membrane and secretory vesicles (11) ], the same cavitates (now free of nucleus/ER and granules) were ultracentrifuged (200 000 3 g for 60 min at 4°C). After the ultracentrifugation, the remaining cavitates are free of organelles and contain only cytosolic proteins; hence, it is herein referred to as cytosolic fraction. All subcellular fractions were washed twice with cold PBS before being boiled in 23 sample buffer with or without the reducing agent (described below) and processed for immunoblot analysis. These different cellular fractions are exempt from mutual cross-contamination in these specific experimental settings, as already described (19) .
Lipid raft preparation
PMNs (4 3 10 7 cells) were incubated with RPMI without or with 100 U ml À1 of IL-1a for 20 min at 37°C. The cells were then washed with cold PBS and re-suspended in 300 ll of ice-cold lipid raft lysis buffer (25 mM HEPES, pH 6.9, supplemented with 100 mM NaCl, 2 mM EDTA, 2 mM NaVO 4 , 1 mM PMSF, 0.5% Triton, 10 lg ml À1 aprotinin and 10 lg ml À1 leupeptin). The lysates were cleared of cellular debris by centrifugation and dissolved in 300 ll of a cold sucrose solution (85% w/v in HEPES-buffered saline) to a final concentration of 42.5%. This solution was transferred to 2-ml ultracentrifuge tubes and gently overlaid with 1 ml of a 35% sucrose solution followed by 300 ll of a 5% sucrose solution. Centrifugations were carried out at 4°C for 16 h at 200 000 3 g in a Beckman TLA-100.4 rotor (Beckman Instruments, Montreal, Quebec, Canada). Nine fractions of 200 ll each were collected from the top of the gradient and boiled in reducing or non-reducing 23 sample buffer for immunoblot analyses, as described below. Under these experimental conditions, lipid rafts are present in fractions 1-3 and non-lipid rafts are present in fractions 5-8, as described earlier (20) .
Immunoblot analysis
For whole-cell lysates, PMNs (5 3 10 6 cells) were lysed in 100 ll of ice-cold PBS and 100 ll of reducing 23 sample buffer [50 mM Tris, pH 6.8, 4% sodium dodecyl sulfate (SDS) (w/v), 10% b-mercaptoethanol (b-ME, v/v) and 20% glycerol (v/v)] (21). The samples were boiled for 10 min, sonicated, snap frozen in liquid nitrogen and stored at À20°C until analysis. All samples were subjected to SDS-PAGE according to the method of Laemmli (22) . Following SDS-PAGE, proteins were transferred onto nitrocellulose membranes and processed for immunoblot analysis as described previously (21) . Samples resulting from subcellular fractionation procedures or lipid raft preparation were prepared by the addition of either reducing 23 sample buffer or by the addition of non-reducing 23 sample buffer (same as above, but with no b-ME) and resolved by SDS-PAGE followed by immunoblot analyses.
Confocal microscopy
PMNs were stimulated with 100 U ml À1 of IL-1a or RPMI for 20 min at 37°C, and stimulation was stopped by quick centrifugation and the cells were then fixed by 8% PFA in PBS for 15 min on ice. After permeabilization with 0.1% Triton X-100 in PBS for 10 min on ice, the cells were incubated with 10% rabbit serum for 30 min on ice. After a wash with PBS, the cells were incubated with primary antibodies (MT6-MMP hinge or isotype control) for 90 min on ice in PBS containing 1.5% rabbit serum and 0.1% Triton X-100. The PMNs were then washed twice with cold PBS and incubated with a secondary antibody (anti-rabbit-Atto 647) in the same conditions as for primary antibody but with addition of 1 lg of CT-488. After two washes with PBS, the cells were placed on poly-L-lysine-covered slides and mounted with VECTASHIELD Mounting Media (Vector Laboratories, Burlington, Ontario, Canada) and were examined with a scanning confocal microscope (FV1000, Olympus, Tokyo, Japan) coupled to an inverted microscope with a 363 oil immersion objective (Olympus). Specimens were laser excited at 488 nm (40 mW argon laser) and 633 nm [helium-neon (red) laser]. A horizontal optical section of 512 3 512 pixels with two times line averaging was taken at one interval through the cell (optical resolution-lateral: 0.2 lm; axial: 0.8 lm). Images were acquired during the same day, typically from five fields from each experimental condition, using identical settings of the instrument. For Alexa 488/Atto 647 merged fluorescence images, dot fluorograms were obtained by plotting pixel values of each fluorochrome toward horizontal and vertical axis, respectively. Quadrant markers were placed to separate the staining in background pixels (C: low left), red-only pixels (A: up-left), green-only pixels (D: low right) and co-localizing pixels (B: up-right) and percentage of co-localization was assessed as follows: (# pixels in B)/(# pixels in B + # pixels in D). For illustration purposes, images were contrast-enhanced, pseudocolored according to their original fluorochromes, merged (co-localizing green and red pixels are yellow), cropped and then assembled using FluoView (Olympus) and Adobe Photoshop software (Adobe Systems, Mountain View, CA, USA).
Immunoprecipitation of released MT6-MMP
PMNs (2 3 10 7 cells per ml) were allowed to sediment for 55 min at 37°C in RPMI to promote cell-cell adherence (hereafter referred to as adherent PMNs). Adherent PMNs were then incubated with 4 nM PMA, 100 U IFN-c, 100 U ml À1 IL-1a or 30 nM fMLP for 20 min at 37°C in RPMI. After the stimulation, the solutions were collected and centrifuged. The supernatants were collected and pre-cleared with 20 ll of protein A/G beads (50% slurry in PBS) for 30 min at 4°C. The mixtures were then centrifuged and the supernatants were collected and incubated with 1 lg of rabbit anti-MT6-MMP (hinge region) or non-immune rabbit IgG for 2 h at 4°C; this was followed by the addition of 35 ll protein A/G beads. After an overnight incubation at 4°C with end-overend rotation, the beads were washed twice with PBS and processed for immunoblot analyses or enzymatic activity assays. For immunoblot analysis, the beads were boiled in 33 reducing sample buffer and the samples were resolved by SDS-PAGE followed by immunoblot analysis with an antihuman MT6-MMP antibody raised in goat. For the measurement of MT6-MMP enzymatic activity, the beads were washed again twice with cold assay buffer (described below) before substrate addition.
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MT6-MMP catalytic activity assay
Enzymatic activity of immunoprecipitated MT6-MMP was monitored using the synthetic fluorescence-quenched peptide substrate (7- 
arginine amide (from Peptides International, Louisville, KY, USA) as described (13) . Briefly, protein A/G beads containing bound MT6-MMP, as described above, were incubated with 20 lM of the substrate in assay buffer (50 mM HEPES, pH 7.5, 150 mM NaCl and 5 mM CaCl 2 ) with agitation at room temperature for 5 h in a final volume of 500 ll. The reaction mixtures were centrifuged (20 000 3 g, 5 min) and the supernatants were collected. Hydrolysis of the fluorogenic substrate in the supernatants was monitored by a spectrofluorometer with excitation and emission wavelengths set at 328 and 393 nm, respectively. Controls included peptide substrate incubated with protein A/G beads and isotype antibody (rabbit IgG) or with wholecell lysates of human PMNs (1.25 3 10 6 cells) prepared with lysis buffer (50 mM Tris, pH 7.5, supplemented with 1% Triton X-100, 150 mM NaCl, 10 mM EGTA and 5 mM EDTA). Results are shown as stimulation index: measured hydrolysis of the fluorogenic substrate of stimulated PMNs relative to the fluorescence of control media that contain no PMNs but only beads and rabbit IgG antibody.
Flow cytometry
Live PMNs (2.5 3 10 5 cells) were incubated with rabbit anti-MT6-MMP (hinge region), mouse anti-MT6-MMP (whole molecule) or isotype control antibodies (1 lg ml À1 ) for 60 min on ice in PBS supplemented with 1% FBS and 1.5% rabbit serum. The cells were then washed twice with PBS and incubated on ice for an additional 60 min with FITC-coupled secondary antibodies (anti-rabbit-or anti-mouse-FITC) and 250 ng of propidium iodine (PI). The cells were washed and subjected to flow cytometry analysis (FACScalibur from Becton Dickinson, Franklin Lakes, NJ, USA) by gating on PI-excluded cells (to exclude damaged cells or cells in necrosis). As a positive control, PMNs were immunostained for CD16 (FccRIII: low-affinity Fc receptor) with a mouse anti-CD16 antibody under the same conditions. As a negative control, PMNs were immunostained for IjB-a, a cytosolic protein, using a specific antibody. In a separate series of experiments, live, unfixed, PMNs (1 3 10 7 cells) were cultured at 37°C for 24 h in RPMI without or with 1 nM granulocyte macrophage colony-stimulating factor (GM-CSF). The cells were then processed for MT6-MMP immunostaining and PI staining, as described above. Expression of MT6-MMP at the cell surface was analyzed by acquiring 20 000 events on a FACScalibur instrument. 
ELISA analysis of secreted IL-8
PMNs (3 3 10 6 cells in 600 ll) were cultured in 24-well culture plates at 37°C under a 5% CO 2 atmosphere in the presence or absence of 100 ng ml À1 LPS or 100 U ml À1 tumor necrosis factor (TNF)-a for 24 h in RPMI. Where indicated, 5 lM of GM6001 was added 30 min before stimulation. Culture supernatants were collected by centrifugation, snap frozen in liquid nitrogen and stored at À80°C until use. Cytokine concentrations (detection limits of this assay is 3 pg ml À1 ) were determined with an in-house sandwich ELISA assays using commercially available capture and detection antibody pairs for IL-8 (BD PharMingen).
Statistical analysis
Statistical differences between groups were analyzed by unpaired t-tests using GraphPad Prism version 5.0c for Mac OS X, GraphPad software, San Diego, CA, USA, www.graphpad.com.
Results
Distribution of MT6-MMP and TIMP-2 in fractionated human PMNs
We first examined the cellular distribution of MT6-MMP in fractionated resting and IL-1a-stimulated PMNs. As shown in Fig. 1(A) , MT6-MMP was detected in granules, membranes and nuclear/ER fractions, but not in the cytosol, in agreement with previous studies (11) . Under reducing conditions (upper panels), MT6-MMP was detected as a major ;57-kDa form, representing the monomeric species, as described (13) . In addition, under reducing conditions, a minor ;45-kDa immunoreactive form was mainly detected in the nuclear/ER fraction of IL-1a-stimulated PMNs (Fig. 1A , compare upper panels); possibly representing a degradation product and/or an underglycosylated precursor species of MT6-MMP, which is a glycoprotein (14) . No significant differences in MT6-MMP distribution were found between resting and stimulated PMNs in samples analyzed under reducing conditions. Under non-reducing conditions (Fig. 1A , lower panels), resting PMNs contained the ;120-kDa dimeric form of MT6-MMP in the membranes and granules but not in the nucleus/ER, whereas in stimulated PMNs, MT6-MMP homodimers were found in all fractions except the cytosol. The differential presence of MT6-MMP in the nuclear/ER fraction between resting and stimulated PMNs may be due to homodimerization of MT6-MMP in response to IL-1a.
Since TIMP-1 and TIMP-2 inhibit MT6-MMP activity (13, 14, 16, 23, 24) , we studied their localization in subcellular fractions of resting and stimulated PMNs. TIMP-1 was not detected in any of the fractions (data not shown), consistent with a lack of detectable TIMP-1 in human PMNs, as previously reported (25, 26) . In contrast, TIMP-2 (;22 kDa) was readily detected in the granules (Fig. 1B, upper panel) and in the nuclear/ER/Golgi fraction (Fig. 1B, upper panel) . TIMP-2 was, however, undetectable in the cytosol and in the membranes even after IL-1a stimulation (Fig. 1B) . Upon stimulation with IL-1a, the relative level TIMP-2 in nuclear/ER/ Golgi network fraction was significantly decreased (P < 0.05), suggesting a forward trafficking of TIMP-2 in response to IL-1a. Indeed, in IL-1a-stimulated PMNs, most of the TIMP-2 was found in granules (Fig. 1B, lower panel) . Taken together, these results suggest that TIMP-2 shares a partial co-distribution with MT6-MMP in PMN granules and nuclear/ ER fractions while PMN membranes are enriched with TIMP-2-free MT6-MMP dimers.
MT6-MMP is localized in lipid rafts of resting and stimulated human PMNs
MT6-MMP is a GPI-anchored MT-MMP that localizes in the lipid rafts (13, 15) . Here we asked whether the lipid raft distribution of MT6-MMP is altered in resting and stimulated PMNs. To this end, membranes of resting and stimulated PMNs were isolated and subjected to sucrose gradient centrifugation, as described (20) . Fractions were collected and subjected to immunoblot analyses for detection of MT6-MMP. These studies showed that monomeric and dimeric forms of MT6-MMP predominantly localize in lipid rafts (fractions # 1 and 2), as indicated by the co-localization of MT6-MMP with flotillin-1, a lipid raft marker (27) (Fig. 2A, uppermost and third  panel) . The presence of flottillin-1 in the raft fractions also confirmed the quality of the fractionation procedure. PMNs' stimulation with IL-1a had little effect on the distribution of MT6-MMP in the lipid rafts ( Fig. 2A) . As opposed to MT6-MMP, TIMP-2, a well-known inhibitor of MT6-MMP, was ) for 20 min at 37°C before being subjected to lysis by nitrogen cavitation. The cellular fractions were boiled in reducing or non-reducing (without b-ME) 23 sample buffer and resoled by SDS-PAGE followed by MT6-MMP detection (A). In (B), resting or activated PMNs were treated as described above but boiled in reducing sample buffer. The fractions were resolved by SDS-PAGE followed by TIMP-2 detection. These results were replicated in PMNs isolated from three independent blood donors.
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not detected in both the raft and non-raft fractions (data not shown). This is consistent with our previous results of Fig.  1(B) where TIMP-2 was not detected in membranes in either resting or stimulated PMNs. The distribution of MT6-MMP in lipid rafts was also examined in thin cross sections of PMNs by confocal microscopy using fluorescently labeled cholera toxin, known to specifically bind to ganglioside GM1, which is present in lipid rafts (28) . As shown in Fig. 2(B) , MT6-MMP co-localizes with cholera toxin (Fig. 2B , overlay and co-localization mask, third and fourth panels, respectively), 6 cells) were fixed by PFA and permeabilized by 0.1% Triton X-100. The cells were then stained for lipid rafts with cholera toxin (CT-488) and the MT6-MMP hinge antibody, as described in Methods. Images were acquired by confocal microscopy, and co-localization between CT-488 and MT6-MMP is shown in the overlay as intense yellow pixels. These results are representative three independent blood donors.
further demonstrating that MT6-MMP is present in the lipid rafts, in agreement with our previous fractionation studies ( Fig. 2A) . Moreover, the quantification of co-localizing pixels with fluorograms (as described in Methods) revealed that ;91% of total MT6-MMP is localized in lipid rafts; stimulation with IL-1a did not significantly alter this distribution (94% after IL-a stimulation). Together, these results establish MT6-MMP as a component of PMN's lipid rafts and suggest that MT6-MMP is not displaced from the lipid rafts upon stimulation; to the contrary, TIMP-2 is excluded from the lipid rafts.
Human PMNs release MT6-MMP and stimulation increases its catalytic activity
Because the majority of MT6-MMP is localized intracellularly (11), we investigated the release of MT6-MMP from PMNs under resting or stimulated conditions. To this end, PMNs were left untreated or treated with a variety of stimuli, and cell-free supernatants were tested for MT6-MMP's presence by immunoprecipitation. We detected MT6-MMP in the supernatants of both resting and stimulated PMNs (Fig. 3A) . We confirmed that PMA stimulation significantly increased MT6-MMP release by densitometric analysis (Fig. 3B) , as previously reported (11) . In contrast, stimulation with IFN-c or other stimuli (LPS, TNF-a, IL-10, IL-18, fMLP or GM-CSF) did not significantly increase MT6-MMP release (Fig. 3A and B and data not shown). To insure the specificity of our immunoprecipitations, supernatants were incubated with normal rabbit IgG and/or beads only and tested for MT6-MMP's presence (Fig. 3C) .
We next examined whether the released MT6-MMP exhibited catalytic activity against a general metalloproteinase peptide substrate. MT6-MMP released from unstimulated PMNs displayed a small catalytic activity (1.4-fold relative activity over control medium) (Fig. 3D) , suggesting that the constitutively released MT6-MMP is active. Furthermore, MT6-MMP released from PMA-or IFN-c-activated PMNs had a significantly increased catalytic activity compared with that of MT6-MMP released from unstimulated PMNs (Fig. 3D) . In contrast, the catalytic activity of MT6-MMP released from fMLP-activated PMNs was not increased compared with that of unstimulated PMNs. We then tested if other stimuli (LPS, TNF-a, IL-18 or GM-CSF) could increase the catalytic activity of released MT6-MMP, but no increase in catalytic activity was found (data not shown). Taken together, these studies suggest that PMNs release catalytically active MT6-MMP and that some stimuli are able to directly, or indirectly, increase the catalytic activity of released MT6-MMP.
MT6-MMP faces inward in living human PMNs
Freshly purified, living human PMNs were examined for surface MT6-MMP expression by flow cytometry. To insure the detection of only living cells, PMNs were stained with PI, which specifically stains DNA and therefore indicate damaged or necrotic cells. These PI-positive cells were excluded from the analyses by appropriate gating. Interestingly, no signal for MT6-MMP was detected in living, non-permeabilized PMNs under these conditions (Fig. 4A) . In contrast, living PMNs were strongly stained by the CD16 antibody, an Fcc receptor present on the surface of PMNs (29) (Fig. 4A) . Furthermore, living PMNs displayed no staining for IjB-a, a cytosolic protein that inhibits NF-jB activation (19) (data not shown). To verify if we could detect MT6-MMP intracellularly, PMNs were fixed and permeabilized before staining as described above. As shown in Fig. 4(B) , a strong MT6-MMP staining was clearly detected under these conditions, consistent with the presence of intracellular MT6-MMP in PMNs. To further examine the surface localization of MT6-MMP, living PMNs were biotinylated and MT6-MMP was detected by SDS-PAGE as described under Methods. As shown in Fig.  4(C) , this approach also failed to detect MT6-MMP at the surface of living PMNs, in agreement with our flow cytometry results (Fig. 4A) . These results suggest that MT6-MMP is not present on the extracellular side of living PMNs.
MT6-MMP relocates to the cellular surface in apoptotic human PMNs
Park et al. (30) reported that apoptotic human PMNs display higher levels of MHC-II, CD80, CD86, CD83 and CD40 on the cell surface than freshly isolated cells. Since in living PMNs MT6-MMP is intracellularly distributed, we decided to test whether a fraction of the intracellular pool of MT6-MMP would relocate on the cell surface in apoptotic PMNs. To this end, we compared the surface expression of MT6-MMP in living and apoptotic PMNs by flow cytometry. As shown in Fig. 5(A) , incubation of PMNs in RPMI for 24 h resulted in the occurrence of apoptosis, characterized by Annexin V and PI staining, for 60.7% of the cells. In contrast, exposure to GM-CSF reduced PMNs' apoptosis to 37.9% (Fig. 5A, left  panel) . Analyses of MT6-MMP expression under these conditions revealed that freshly isolated PMNs were negative for surface MT6-MMP (Fig. 5B, left panel) , as shown in Fig.  4(A) . In contrast, apoptotic PMNs, which stain for Annexin V and PI in Fig. 5(A) , displayed MT6-MMP staining (Fig. 5B,  middle panel) . Addition of GM-CSF reduced the staining for MT6-MMP (Fig. 5B, right panel) , consistent with its ability to reduce Annexin V and PI staining in Fig. 5(A) . Analyses of permeabilized apoptotic and living PMNs showed similar levels of total MT6-MMP staining (Supplementary Figure 1 is available at International Immunology Online), indicating that the observed differences in MT6-MMP staining were not due to technical limitations. These results suggest that there is a differential distribution of MT6-MMP on the cellular surface between living and apoptotic PMNs.
Putative contribution of intracellular metalloproteinases to human PMN functions
The cellular location of MT6-MMP in living PMNs suggests that it could contribute to PMNs' cellular functions. Indeed, MT6-MMP is a membrane-bound, lipid raft-located enzyme and its catalytic domain can thus have access to the signaling machinery of PMNs. Testing this hypothesis in primary cells, however, requires the use of a selective MT6-MMP inhibitor, which is not yet available. We therefore decided to examine the role of metalloproteinase activity in PMN functions using GM6001, a broad-spectrum hydroxamate-type metalloproteinase inhibitor. GM6001 inhibits the activity of the recombinant catalytic domain of MT6-MMP (A. Sohal
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and R. Fridman unpublished data) and of metalloproteinases from PMN lysates (Supplementary Figure 2 is available at International Immunology Online). We first examined the effect of GM6001 on respiratory burst by PMNs as the bactericidal activity of PMNs depends in part on their ability to generate superoxide species. We found that 5 lM GM6001 significantly decreased (P < 0.01) the respiratory burst, as measured by DCFDA cleavage, induced by PMA (Fig. 6A) or by fMLP (Fig. 6B) . We also examined the effect of GM6001 on fMLP-induced chemotaxis of PMNs in Boyden chamber. These studies, however, showed that 5 lM GM6001 had no effect on PMN chemotaxis (data not Fig. 3 . MT6-MMP is released from human PMNs and is catalytically active. (A) PMNs (2 3 10 7 cells) were allowed to sediment for 55 min at 37°C before being left untreated (lane 1) or stimulated with 4 nM PMA (lane 2) or 100 U ml À1 IFN-c (lane 3) for 20 min at 37°C. After stimulation, the media were centrifuged and both supernatants and cell pellets were collected for analysis. MT6-MMP was immunoprecipitated from the supernatants and the cell pellets were boiled in reducing 23 sample buffer. The immunoprecipitates and the cell lysates were resolved by SDS-PAGE, containing recombinant MT6-MMP (lane 4), followed by MT6-MMP detection. In (B), MT6-MMP was immunoprecipitated from the supernatants of resting or activated PMNs, resolved by SDS-PAGE and quantified by densitometry. These results are from three different blood donors and statistical significance is depicted as follows: *P < 0.05 compared with resting PMNs (Ctrl). (C) The specificity of the MT6-MMP immunoprecipitation was assessed as follows: supernatants were incubated with protein A/G beads alone (lane 1) or protein A/G beads and nonimmune antibody (lane 2) and resolved by SDS-PAGE. Lane 3 shows recombinant MT6-MMP. (D) MT6-MMP was immunoprecipitated from supernatants of resting or stimulated PMNs (4 nM PMA, 100 U ml À1 IFN-c or 30 nM fMLP for 20 min at 37°C). After several washes, the immunoprecipitates were incubated with a synthetic fluorescence-quenched peptide substrate for 5 h at room temperature. Hydrolysis of the fluorogenic substrate, representing MT6-MMP catalytic activity, was monitored with a spectrofluorometer. As negative control, the substrate was incubated with protein A/G beads and a control antibody (rabbit IgG), but with no PMNs (control medium). As a positive control, whole PMN lysates were incubated with the substrate as described above. The results are shown as mean relative activity 6 SEM of three independent blood donors over control medium. Statistical significance is depicted as follows: *P < 0.05 compared with unstimulated PMNs.
shown). Since PMNs are an important source of secreted cytokines during the immune response (5, 6), we studied the effect of GM6001 on LPS-and TNF-a-induced PMN secretion of IL-8 by PMNs. As shown in Fig. 7 , the addition of 5 lM GM6001 before stimulation significantly decreased the release of IL-8 in response to both LPS and TNF-a. As the 
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apoptosis of effector cells is important for the resolution of inflammation, we tested whether PMNs' lifespan would be influenced by GM6001. PMNs cultured 24 h with GM-CSF could be rescued from apoptosis, as determined by Annexin V and PI staining; however, the addition of 5 lM GM6001 had no effect on the GM-CSF-induced PMNs' survival (Supplementary Figure 3 is available at International Immunology Online; compare panel B to panel C). We observed, however, that 5 lM GM6001 increased the rate of spontaneous apoptosis (Supplementary Figure 3 is available at International Immunology Online; compare panel A with panel E). Collectively, these results suggest that metalloproteinase activity contributes to PMN functions, such as respiratory burst and chemokine secretion.
Discussion
MT6-MMP, a GPI-anchored metalloproteinase, was described previously as highly expressed in PMNs and distributed in the granules and in the plasma membrane (11) . Our data presented herein confirm and extend the previously described cell distribution of MT6-MMP in human PMNs: the protease is present in the granules and the nuclear/ER fraction, and a minor fraction is retained in membranes even upon stimulation. Moreover, MT6-MMP is detected as a high molecular weight form of 120 kDa representing disulfidebonded homodimers of active protease (14) , indicating that this form is the natural organization of MT6-MMP in PMNs. In addition, a minor 45-kDa immunoreactive form is detected in the nuclear/ER fraction after stimulation in non-reducing conditions. This minor immunoreactive form possibly represents a degradation product and/or an underglycosylated precursor species of MT6-MMP in this particular fraction. Here we also report that as a GPI-containing protein, À6 cells) from a compilation of three independent blood donors. The statistical significance is depicted as follows: *P < 0.05, ***P < 0.01.
MT6-MMP distributes into the lipid raft fraction co-localizing with specific raft markers. This is in agreement with an early proteomic analysis study in bovine PMNs that identified MT6-MMP as a component of lipid rafts using mass spectrometry (15) . We found that lipid rafts of PMNs contain both the homodimeric and the monomeric form of MT6-MMP, indicating that dimerization is not a prerequisite for insertion into PMN's lipid rafts. Indeed, dimerization-defective mutants of MT6-MMP were shown to distribute into lipid rafts like the wild-type protease (14) . Functionally, lipid rafts are required for PMNs to efficiently fulfill their inflammatory duties, such as superoxide production (31, 32) and phagocytosis (33) (34) (35) . Our data suggest that lipid rafts could serve to concentrate MT6-MMP activity in a defined cellular compartment, possibly to target specific components thereof. Alternatively, MT6-MMP could associate with receptors whose recruitment to lipid rafts were described in PMNs, such as BLT-1 (leukotriene B4 receptor) (27) , FccRIIIb (36), Toll-like receptors-2/4 (37) and triggering receptor expressed on myeloid cells-1 (21) . However, the putative substrates of MT6-MMP in lipid rafts remain to be identified.
The activity of metalloproteinases, including MT6-MMP, is controlled by TIMPs, which specifically interact with the catalytic site hence inhibiting proteolysis. We previously demonstrated that the catalytic activity of membraneanchored MT6-MMP is inhibited by both TIMP-1 and TIMP-2 (24) . Here our data show that, in human PMNs, MT6-MMP exhibits a partial co-distribution with TIMP-2 in the granules and in the nuclear/ER fraction. In contrast, TIMP-2 was excluded from lipid rafts, possibly due to its soluble nature and/or due to dissociation from MT6-MMP during lipid raft preparation or its transport to the lipid rafts via the Trans Golgi Network, although our data cannot distinguish between these possibilities. The total absence of TIMP-2 in lipid rafts suggests that a significant pool of active MT6-MMP in PMNs is TIMP free and thus capable of unregulated proteolysis. This suggestion, however, cannot be construed as a lack of sensitivity to TIMP inhibition by MT6-MMP in lipid rafts since exogenously administered TIMPs inhibit catalytic activity of membrane-anchored MT6-MMP, as we demonstrated with isolated plasma membranes of cells expressing recombinant MT6-MMP (24) .
Consistent with the presence of MT6-MMP in PMN gelatinase granules and secretory vesicles (11), we found that MT6-MMP was released into the supernatant of PMNs in a constitutive manner and was catalytically active. Because of the cultured conditions used here, the constitutive release of active MT6-MMP from PMNs is likely to require b2-integrin engagement and adherence. These conditions, b 2 -integrin engagement and adherence, were found to enhance TNF-a signaling (38) and induce MMP-9 secretion in PMNs (39) . Indeed, we found that culture conditions that do not induce b2-integrin engagement (when cellular density is lower than 20 3 10 7 cells per ml in culture) did not result in MT6-MMP release, as measured by immunoprecipitation, in resting or stimulated PMNs (data not shown). The release of MT6-MMP under conditions involving integrin engagement together with the reported ability of MT6-MMP to cleave extracellular matrix components (24) suggest a potential role for MT6-MMP in the transit of human PMNs through the endothelium during inflammation.
Further research is needed to further characterize protein interactions of native MT6-MMP and to explore the regulation of its enzymatic activity. Recent findings, for example indicate that clusterin, an abundant serum protein, can form complexes with MT6-MMP and inhibits its enzymatic activity (16) . It is thus possible that some specific stimuli can induce the dissociation of clusterin-MT6-MMP complexes, leading to MT6-MMP activation but that other stimuli cannot induce their dissociation and, therefore, cannot induce MT6-MMP activation. This could explain the differences observed herein between IFN-c and fMLP; both did not induce additional MT6-MMP secretion but IFN-c induced MT6-MMP activity, whereas fMLP did not. These also suggest that the induction of MT6-MMP activity may be partly the result of an indirect activation resulting from IFN-c-induced signaling pathways.
PMNs are inherently short-lived cells and consequently undergo a defined program of apoptosis that helps to remove aged and dysfunctional PMNs to terminate the inflammatory response in sites of infection. The apoptotic program of PMNs is characterized by specific morphological and molecular changes including the differential expression of surface molecules (40) . In our experimental settings, we found that freshly isolated, living PMNs do not display MT6-MMP on the cellular surface. Conversely, we found that apoptotic PMNs displayed high levels of MT6-MMP on the cell surface. Moreover, rescuing PMNs from apoptosis with GM-CSF reduced the level of MT6-MMP on the cellular surface. MT6-MMP, however, was readily detected in permeabilized living or apoptotic PMNs, suggesting that these results were not caused by technical limitations. Our results, however, cannot help to specify from which cellular compartment the re-distributed MT6-MMP in apoptotic PMNs originates. Furthermore, the eventual targets of a possible MT6-MMP activity on the surface of apoptotic PMNs, if MT6-MMP is active in this context, are still unknown. However, although not shown in this study, we can rule out pro-MMP-9 as a substrate of MT6-MMP on the cellular surface of apoptotic PMNs because MT6-MMP is not an activator of pro-MMP-9, as previously shown (13) . It is conceivable that MT6-MMP contributes to the shedding or processing of surface molecules that modulate the resolution of apoptosis by efferocytosis.
To probe the potential contribution of MT6-MMP in human PMN functions, we used a broad-spectrum metalloproteinase inhibitor, GM6001, because a specific MT6-MMP inhibitor is not available yet. Our studies indicate a differential effect of GM6001 in key PMN activities in vitro, which provide indirect evidence on the relative contribution of metalloproteinase activity in some PMN functions, such as Reactive Oxygen Species production and chemokine generation. Conversely, metalloproteinases are not required for the motile response of PMNs induced by fMLP because GM6001 had no effect on fMLP-induced chemotaxis. This result is consistent with a number of previous in vitro studies showing the lack of effect of MMP inhibitors on fMLP-stimulated chemotaxis or migration across endothelial cells of PMNs and on Tsup-1, a T-cell line, chemotaxis (41, 42) .
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In summary, in living (resting and stimulated) PMNs, the majority of MT6-MMP is present in intracellular granules and membranes. The membrane-anchored TIMP-2-free MT6-MMP is present as monomeric and dimeric disulfide-bonded forms that are localized within the lipid rafts but are not displayed on the cellular surface. In living PMNs, membraneanchored MT6-MMP may contribute to cytokine secretion and respiratory burst. During apoptosis, membrane-anchored MT6-MMP becomes externalized and is readily displayed on the surface of PMNs. Active MT6-MMP is constitutively released from intracellular stores in resting PMNs; however, certain stimuli may induce further release of intracellular MT6-MMP. The validation of our findings with GM6001 awaits the development of specific MT6-MMP inhibitors and the results of ongoing studies using mice deficient in MT6-MMP; but taken together, our results provide new insights on the role of MT6-MMP in the physiology of human PMNs.
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